In this paper we present a lattice Boltzmann model to simulate compressible flows by introducing an attractive force. This scheme has two main advantages: one is to soften sound speed effectively, which greatly raises the Mach number ͑up to 5͒; another is its relative simple procedure. Simulations of the March cone and the comparison between theoretical expectations and simulations demonstrate that the scheme is effective in the simulation of compressible flows with high Mach numbers, which would create many new applications.
I. INTRODUCTION
In 1986, Frisch, Hasslacher, and Pomeau ͓1͔ proposed the first lattice gas model for the two-dimensional incompressible Navier-Stokes equation. Since then, much attention has been paid to this relatively new method ͓2͔. Many theoretical and numerical studies have been concentrated on a variety of physics phenomena from shock formation ͓3͔ to flows in porous media ͓4͔, magnetohydrodynamics ͓5͔, phase separation ͓6,7͔, and turbulence ͓8͔. Recently, the lattice Boltzmann ͑LB͒ method originated from lattice gas automata has been developed to be an alternative and promising numerical scheme for simulating fluid flow and modeling physics in fluids. The scheme is particularly successful in the applications involving interfacial dynamics and complex boundaries, especially when the effects of compressibility can be neglected. However, there exist a number of situations where such approximation is inappropriate ͓9,10͔. Although several analytical and numerical LB techniques have been developed to treat compressible flows, no solutions are satisfactory.
In 1992, Alexander et al. ͓11͔ presented a selectable sound speed model to simulate compressible flow by selecting the parameters of the equilibrium distribution appropriately to set the sound speed as low as possible. In their model, the following single-component LB equation with a Bhatnagar-Gross-Krook ͑BGK͒ collision term describes the evolution of the distribution function f a (x ជ ,t) in space x ជ and time t,
where ⍀ a is the collision operator,
with the single relaxation time scale for approach to the desired equilibrium distribution. The set of vectors ͕e ជ a ;a ϭ0, . . . ,b͖ are the possible velocities a particle can have in order to move from a lattice site to one of the b numbers of the nearest-neighboring sites at each time step. e ជ a ϭ0(a ϭ0) is associated with the rest ͑''stopped''͒ particles, and ͉e ជ a ͉ϭc,(aϭ1, . . . ,b) where c is the lattice constant. The macroscopic number density (x ជ ,t) and velocity u ជ (x ជ ,t) of the fluid are obtained from f a as ϭ͚ a f a and u ជ ϭ ͚ a f a e ជ a . Equations ͑1͒ and ͑2͒ represent the relation of the distribution function to its equilibrium value, f a eq , which is a function of and u ជ only. The choice of f a eq has to ensure that the macroscopic fluid equation obtained from Eq. ͑1͒ by the Chapman-Enskog expansion agrees with the Navier-Stokes equations. The functional form of f a eq depends on the structure of the lattice and is usually not uniquely determined.
For an FHP7-bit model ͑i.e., bϭ6,cϭ1), the form of f a eq is usually shown as follows: 
The corresponding macroscopic dynamic equation is
are the kinetic viscosity and the bulk viscosity, respectively. As Alexander et al. ͓11,12͔ demonstrated, the main advantage of their model is that it has a selectable sound speed. In order to simulate compressible flows with high Mach numbers, sound speed must be selected as small as possible. However, the non-negativeness requirement of the equilibrium distribution functions limits such selection to a very narrow range. As a result, they still cannot simulate compressible flows with a high Mach number. Another LB model for compressible fluids ͓13͔ ͑called the Lattice BGK model͒ introduced a nonlinear derivation from the NavierStokes equation, but unfortunately it also has a limitation to raise the Mach number. There also exist two other models ͓14,15͔ but they are so complicated that the advantages of the LB method are lost.
We found that it is crucial to avoid the distribution functions being negative when we construct new LB models. Our model below did satisfy this requirement.
II. LB MODEL FOR COMPRESSIBLE FLOWS
In order to soften sound speed, we introduce an attractive force
. g is a parameter to adjust the intensity of attraction. In Eq. ͑6͒ the terms of the density difference between next nearest neighbors have been included as well as those between nearest neighbors in order to eliminate the wave-number dependence of the sound speed. Then the corresponding nonequilibrium distribution function becomes
͑9͒
Similar to the multiple phase and component model of the LB method presented by Xiaowen Shan and Hudong Chen ͓16,17͔ with the attractive force, the collision does not conserve the net momentum at each site. However, it can be shown directly that the total momentum of the system ob- tained by summing over the net momentum at every site is still exactly conserved, provided no net momentum exchange has occurred at the boundary.
Having the attractive force defined, the new equilibrium function becomes
and the kinetic equation becomes
where
͑12͒
It is obvious that ͚ a ⍀ a *ϭ0, ͚ a e ជ a ⍀ a *ϭ0, which means ⍀ a * satisfies the conservation of total mass and total momentum at each lattice site with the attractive force. Multiplying Eq. ͑11͒ by 1 and e ជ a and summing over a, after substituting Eqs. ͑6͒ and ͑10͒ and some straightforward algebra, we obtain ‫ץ‬ ‫ץ‬t ϩٌ•͑u ជ ͒ϭ0, ͑13a͒
at low-frequency and long-wavelength limit and the effective sound speed c s * is softened, c s *ϭͱ1Ϫgc s
͑14͒
By Eq. ͑14͒ the critical value of g is 1, beyond which the system becomes unstable.
III. SIMULATIONS AND RESULTS
If we choose ϭ1, the kinetic equation ͑11͒ simply becomes
͑15͒
The advantage of Eq. ͑15͒ is that the possibility of negative distribution functions is reduced greatly.
In a rectangle field fluid flows from left to right at a uniform horizontal speed u 0 . At the time tϭ0 each site has the same density 0 (ϭ1) and velocity u 0 . Then we introduce a density vibration ϭ 0 ϩA sin(2t/T) at a single fixed site near the middle of the field. The density and speed at four Figs. 1 and 2, respectively. The theoretical value of the Mach number is calculated by the formula M *ϭ1/sin , whose is measured in Fig. 2 . The comparison of M Ј and M * is shown in Table III . Table IV shows here that the sound wave obtained is nondispersive as in reality.
IV. CONCLUSION
In this paper, we have presented a LB model that has the capability of simulating compressible flows by introducing an attractive force. The fundamental feature of this model is the introduction of the attractive force, which effectively softens the sound speed and the Mach number is raised remarkably. Being a simple and easy-going procedure is another advantage of this scheme. Our simulation results demonstrate that this scheme can simulate compressible fluid flows with high Mach numbers up to 5. The present model is isothermal; its application is limited. However, based on this model, an extension to nonisothermal situations is expected for general applications, which is being included in our further research.
Moreover, sound speed reduction reminds us of the liquid-gas phase transition problem which should be treated by LB models with full thermodynamics. Preliminary work on a LB simulation of a van der Waals phase transition was done by us ͓18͔ with the concept of a chemical potential introduced into the model from outside. We have noticed that McNamara et al. have presented a fully correct thermal LB model; however, the numerical stability leaves much to be desired ͓19͔. We think that the study of the phenomenon of sound speed reduction itself is of interest in connection with the problem of phase transition.
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